In this review we present the state of the art and the most recent advances in the field of optical sensing with hybrid plasmonic-photonic whispering gallery mode (WGM) resonators. After a brief introduction on the basic physics behind photonic WGM resonators and localized surface plasmon (LSP) nanostructures, we analyze the different types of optical sensors specifically designed for bulk refractive index sensing, molecular binding and single object detection. We point out the physical and technological key points of the different approaches proposed in the literature, and we systematically compare hybrid sensors and purely photonic WGM sensors. This comparative analysis points out the real advantages brought by LSP nanostructures, and it identifies the most promising hybrid architectures.
Introduction
In recent years the field of detection of single particles, viruses, biomarkers, and molecules has been subject to intense study in different scientific communities from medicine to pharmacology, and from nanophysics to chemistry. Purely optical methods are now gaining considerable attention. In particular, optical sensing with whispering gallery mode (WGM) resonators show prospects for the unprecedented sensitivity to very small objects, down to the single molecule level, and a number of technologically relevant draw-backs. These include great stability and robustness in aqueous environments, multiplex operation, scalability, reduced fabrication costs, and the potential for integration in point-of-care and portable devices.
The reason behind the high sensitivity of WGM biosensors lies in the fundamental properties of whispering gallery modes. In the optical and infrared domains, WGMs are supported by dielectric microstructures such as spheres, toroids and rings possessing a refractive index larger than the surrounding environment (n approximately equal to 1.33 for water). In these structures light can circulate at the periphery of the resonator, where it is confined by total internal reflection. Briefly, a resonance appears when the length of the optical path of the WGM equals an integer number of wave-
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lengths inside the resonator. Thus, when constructive optical interference occurs, the electromagnetic field exhibits a standing wave profile. At resonance, the mode is mainly confined in the dielectric structure. A portion extends outside the resonator (the so called evanescent tails), and it is sensitive to the external environment. A chemical-physical change, such as the binding of a nanoparticle or a single molecule, perturbs the resonant mode profile and the optical energy distribution inside the resonator. Redshifts of the resonance, broadening, and, in particular circumstances, the splitting of the resonant modes occur. Several excellent reviews already reported on purely photonic WGM sensors. [1] [2] [3] [4] [5] [6] [7] [8] This field is now differentiating into different subfields, depending on the specific application of interest. Although great efforts have been made to suppress any source of noise in the optical measurement, the detection of single molecules, biomarkers, and proteins with a high signal to noise ratio remains very challenging when using a conventional WGM resonator.
In order to increase the sensitivity to the binding of very small objects, the inclusion of metallic structures was proposed during the last few years. Metallic nanostructures, when properly excited by visible and near-infrared light, can support localized surface plasmon resonances (LSPR). These arise from the collective in-phase oscillations of the free electrons of metals with the incoming electric field. Despite having an intrinsic quality factor much smaller than that of WGM modes, these LSP resonances are characterized by a strong field enhancement and a superior field confinement. The size of these so called hot-spots of electromagnetic energy density can be reduced down to a few nanometres, a value that is well matched to the size of the nano-object of interest. The combination of WGM resonators and plasmonic nanostructures in a new type of hybrid plasmonic-photonic biosensor thus seems particularly promising. The WGM component provides sharp resonances, which are an essential ingredient to monitor the binding of tiny objects (or, in other words, to keep a very low limit of detection). The plasmonic component provides a strong electromagnetic field enhancement, which boosts the sensitivity of the device. The hybrid coupling between photonic and plasmonic modes has already been proposed, for example, between photonic crystal cavities and metallic antennas. 9, 10 In these studies, the photonic cavity was excited directly from the free space. In the case of hybrid cavities for biosensing, instead, the dielectric cavity is excited from the near field, by means of an optical fibre or with an integrated bus waveguide. This evanescent excitation can be much more efficient and stable compared to free space methods, and it also substantially reduces the background optical noise. From a practical point of view, it is well suited for automated and large-scale on-chip applications which are gaining considerable attention in the field of biosensing.
This review is structured as follows. In section 2 we briefly illustrate the theory behind WGM resonators and in section 3 we focus on metallic LSPR structures for what concerns their application in a hybrid sensing platform. In section 4 we review the state-of-the-art of hybrid biosensors and we perform a systematic comparison between conventional, purely photonic WGM sensors and their hybrid counterparts.
WGM resonators

Basic theory
Optical whispering gallery modes are originated from the total internal reflection of light at an interface ( Fig. 1a ). From a ray optics point of view, according to the Snell law, when the refractive index of the dielectric resonator exceeds that of the surrounding medium (n 1 > n 2 ) and the angle between the wavevector and the normal to the surface exceeds the critical value
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where R WGM denotes the effective radius of the cavity mode, m is an integer, λ 0 is the free space excitation wavelength, and n eff is the effective refractive index of the guided mode. Eqn (1) simply states that the resonance condition is achieved when the length of the round trip around the cavity equals an integer number of wavelengths. Thus the knowledge of n eff is often enough to estimate the spectral positions of the resonances.
When the system deviates from a perfect spherical or cylindrical symmetry, analytical treatments cannot be used anymore and numerical approaches are necessary. Readers interested in these computational aspects can find more details in ref. 14-24. The resonances of WGM cavities are typically monitored through the transmission spectrum of the input fibre/waveguide. Other coupling schemes are possible, such as prism coupling 25 and direct free-space coupling. 26 In the frequency domain, the transmitted power P out (ω) is typically Lorentzian: 7
where P 0 is the input power, K is the coupling coefficient, FWHM is the full-width at half-maximum, and ω 0 is the resonance frequency. A typical transmission spectrum of a WGM structure (a silicon ring resonator) is reported in Fig. 2 with all the relevant parameters. The coupling coefficient K determines how much light is coupled into the cavity. K = 1 denotes the so-called critical coupling condition, i.e. the amount of light that escapes from the cavity during a round trip equals the amount of light that is coupled in. The critical coupling condition is the best one to observe the resonances (ideally, P out = 0 at resonance). In waveguide-coupled systems, this is achieved with careful control of the distance between the input fibre/ waveguide and the cavity surface, or by properly adjusting the width of the bus waveguide.
Other quantities are essential to characterize the resonances of WGM resonators. The first is the free spectral range (FSR), i.e. the spectral distance between two consecutive resonances. This depends on the size of the resonator. Large resonators are characterized by a very dense transmission spectrum, small resonators, instead, have widely spaced resonance peaks.
The second is the full-width at half-maximum (FWHM), which is determined by the total optical losses in the resonator. The FWHM can be expressed as:
where FWHM bend are the bending losses due to the curvature of the cavity surface and due to the presence of the coupling waveguide, FWHM abs is the loss due to absorption in the cavity material and in the surrounding medium (which might be relevant, for example, in NIR working cavities immersed in water), and FWHM rough is the scattering loss determined by surface roughness, which is introduced during the fabrication, and it becomes particularly relevant at short wavelengths (in the visible) and in the presence of metallic LSPR structures bound to the surface of the resonator. The quality factor (Q) is the most widely used quantity to characterize a WGM resonance, and it is defined as:
The quality factor is a global quantity depending on the employed materials and geometry, and it is also used to characterize other resonant systems, including metallic nanostructures supporting LSP resonances.
From eqn (1), when the refractive index of the host medium changes due to the presence of an analyte, or when a nano- object attaches to the surface of the resonator, the effective refractive index of the guided mode changes, and this induces a redshift Δλ r of the resonant frequency λ r . This is the so-called reactive sensing principle, and it is graphically illustrated in Fig. 3a . The resonance shift is typically monitored by sweeping the wavelength of the tunable laser. The radius of the cavity and its quality factor are the most relevant parameters in determining the magnitude of Δλ r and the sensing capabilities of an optical biosensor. As it will be illustrated in the next section, larger cavities are typically characterized by a larger Q.
The resonance is sharperand this is good to detect very small objectsbut the redshift can be very small because the nano-object only slightly perturbs the resonant mode. Smaller cavities, on the other hand, have a smaller Q, but Δλ r is larger. This has practical advantages because the complexity of the experimental setup needed to monitor the redshift can be substantially reduced. These considerations lead to a trade-off between the detection capabilities and complexity of the experimental setup: the ideal WGM resonator depends on the specific application of interest. It is worth mentioning that the resonance redshift is not the only quantity that can be monitored. In high Q-factor resonators, the resonances can be split or broadened by the presence of a bound nano-object. An example of resonance splitting induced by a polystyrene nanoparticle is illustrated in Fig. 3b . The reader can find more details in ref. 28 and in the recent review by Foreman and coworkers. 7 
Geometries, materials and fabrication
Different dielectric materials have been used to fabricate WGM resonators: fused silica, polymers, silicon and silicon nitride, to cite just a few of them. The choice of a given material depends on the specific geometry and application. Practical examples of cavity geometries are reported in Fig. 4 .
Microsphere resonators ( Fig. 4a ) are typically made of glass or polymers, and support resonances with very high quality factors up to 10 8 -10 9 in the visible/near infrared region. 3, 13, 29, 30 Such spherical cavities are generally fabricated by heating and stretching the extremity of an optical fibre, and are excited by the same supporting fibre or by another optical fibre brought in close proximity. 31, 32 Very recently, microsphere resonators have also been immobilized on a glass substrate and light has been coupled via total internal reflection. 33, 34 These new coupling schemes reduce the complexity of WGM systems, and are useful steps towards the commercialization of optical biosensors. Thanks to their extremely sharp resonances, dielectric microspheres are among the best candidate for single molecule sensing. Another interesting geometry is the liquid-core optical ring resonator (LCORR - Fig. 4b ). In this configuration, the travelling guided mode is confined into the glass or plastic wall of a capillary (total diameters larger than 50-75 μm), and the internal evanescent tail senses the fluid flowing inside. 35, [38] [39] [40] [41] [42] The typical quality factors are in the range 10 5 -10 7 .
Toroidal cavities and disks ( Fig. 4c ) are fabricated in silicon, glass or polymeric materials and they exhibit high quality factors up to 10 8 . 36, 43 In silicon and silicon oxide, the fabrication is based on several steps of photolithography, pattern transfer and dry etching, as described, for example, in ref. 36 . Also these systems are very good candidates for single object biosensing, as will be illustrated in the next sections. Recent progress in the fabrication methods of all-glass toroids 44 on a chip opens new possibilities for the large-scale production of high-Q toroidal cavities for biosensing. As for the case of microsphere resonators, the excitation comes from an optical fibre that is brought in close proximity to the toroid (watch for example the instructive video in ref. 45 for an application of micro-toroids to single particle sensing).
The last category is that of ring and disk resonators on a silicon chip ( Fig. 4d ). A widely used platform is that of SOI wafers, i.e. silicon wafers where a silicon waveguide layer (hundreds of nm thick) is placed on the top. A silicon oxide buffer layer separates the substrate from the waveguide. Micro-rings and disks can be fabricated with different materials including silicon, silicon nitride, glass or polymers. Typical fabrication techniques are UV lithography, 46 electron-beam lithography 37 and focused-ion-beam lithography. 47 Depending on the ring diameters and materials, the quality factors are in the range 10 2 -10 6 . 3, 43, 48, 49 Compared to the other families of WGM resonators, they offer practical advantages. These include the possibility of integrating several devices on a single chip, which is desirable for multiplex operation, and the stable coupling condition, thanks to the waveguide which is directly etched on the platform. In terms of integration with LSPR nanostructures, on-chip microdisks and rings open new prospects compared to the other families of WGM structures. In fact, by adopting dedicated lithographic steps, LSPR structures can be added to the WGM cavity in a controlled way and following a top-down approach. Dielectric ring resonators take advantage of a decade of experience in integrated photonics and electronics. The first commercial biosensors based on ring resonators already appeared on the market, 50 and, together with the other families of photonic structures, [51] [52] [53] they have great potential for future point-of-care applications and portable devices. 54 
Localized surface plasmon resonances in metallic nanostructures
Plasmon resonances in metals arise from the presence of free electrons which can interact with the incident electromagnetic radiation. When electrons are confined into a very small volume, they can oscillate in phase with the incident electric field, thus generating a localized surface plasmon resonance. This is schematically illustrated in Fig. 5 , where the electron cloud of a metallic nanosphere is excited by the incoming electric field and oscillates in phase with it. At resonance, the amplitude of the total electric field near the nano-object can be substantially increased compared to the incident amplitude: in this sense we talk about hot-spots confined in close proximity to the LSP structure.
For the purposes of this review, two important aspects of LSP resonant structures have to be considered. The first is the dependence of the resonant frequency on the refractive index of the surrounding medium. LSP frequencies shift towards the infrared by increasing the refractive index of the environment. This feature is at the basis of bulk refractive index sensing with LSP structures. Excellent reviews on the topic already appeared, and the reader can find all the details in ref. 55-58. Briefly, the bulk sensitivity can reach values up to 1000 nm RIU −1 by properly engineering the aspect ratio of the plasmonic structures (see Fig. 6 and the summarizing work by Khan and co-workers 59 ). These sensitivity values are enough to track bulk refractive index changes in the range 10 −3 -10 −2 RIU. In recent years nanorods 60 and nanorod dimers 61 have been employed also for single object sensing, proving, for example, the capability to detect a single protein and track its molecular dynamics in real time, as schematically illustrated in Fig. 7 . Although these results are promising, the amplitude of the measured signal is still low compared to the noise introduced during the optical measurement (see Fig. 7c , left panel). As will be illustrated in the next sections, hybrid WGM cavities with plasmonic enhancers have the potential to improve this result, thanks to the tapered-fibre excitation and to the much greater quality factors of hybrid WGM resonances compared to bare LSP resonances.
The second aspect is evident from Fig. 6 : structures with a larger aspect ratio are more sensitive to variations of the external environment. However, when these are integrated onto a dielectric WGM cavity, special care must be paid in order to match the orientation of these elongated structures with the polarization of the circulating electric field. Anisotropic structures possess a strong, intrinsic polarization dependence (consider a nanorod, for example). Care must be taken in order to align the LSP structure with the polarization direction of the WGM field, otherwise resonance broadening or frequency mismatch can have a negative impact on the measurement (see for example the discussion in Fig. 2, ref. 25 ). This problem does not affect highly symmetric structures such as nanospheres and nanoshells, and this is the reason why these spherical nanostructures were the first to be employed in hybrid WGM cavities for biosensing.
Analysis of hybrid WGM resonators
In this section we review the most recent work in the literature where metallic nanostructures are incorporated in photonic WGM resonators in order to improve the sensitivity and the limit of detection. The section is divided into two subsections. In section 4.1 we focus on the structures designed for bulk refractive index sensing and surface binding sensing.
These structures are typically fabricated on a chip (in a silicon or silicon nitride architecture), and they include compact nano-sensors whose spectral response redshifts when the refractive index of the liquid environment changes due to the presence of a given analyte of interest. In section 4.2, instead, we focus on hybrid WGM structures for single particle and molecule detection. In this case, the systems are quite different both from the point of view of the resonant structures and excitation conditions. In both the cases we perform a systematic comparison with the state of the art, i.e. with conventional, purely photonic WGM structures not incorporating any LSP nanostructure. The aim of this comparison is to check if the inclusion of the plasmonic component truly brings some advantages compared to the purely photonic WGM sensor in terms of sensitivity and detection limits. Possible future developments are also discussed.
Hybrid WGM ring and disks for bulk refractive index and surface sensing in a fluid
Purely dielectric micro-rings and disks have been proposed and widely investigated as nano-sensors during the last decade. 1, [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] These systems are very good candidates for the integration on a compact chip. Here several rings can work in parallel in a multiplex architecture. The first test to check the device sensitivity is bulk refractive index sensing. 1, 62, 66, [68] [69] [70] 72, 73, 76, 77, [79] [80] [81] The device is immersed in a liquid solution of water and glucose, 70 sodium chloride, 62, 68, 70 or ethanol 70 with different concentrations, which increases the average refractive index of the liquid in a controlled manner. These are important preliminary tests in view of the integration in commercial devices. By monitoring the resonance redshift, it is possible to extract the device sensitivity, which is typically in the range 50-200 nm RIU −1 .
A more advanced test is the measurement of the concentration of molecules in a solution, or the molecule binding kinetics on the surface of the resonator. In these cases the surface of the ring has to be properly functionalized. 1, 62, 63, 65, 66, 68, 69, 71, [74] [75] [76] [77] 80 Two examples of bulk refractive index sensing (with a solution of water and sodium chloride) and surface binding (with the biotin/ streptavidin complex) are reported in Fig. 8 . While physisorption is the route followed for proof-of-concept purposes, covalent attachment of the capturing agent is needed for more complex assays. In order to foster the selective binding to a specific receptor and to avoid nonspecific binding on the inert area of the resonator, the functionalization is carried out by using microfluidics based on PDMS, or specific Mylar gaskets, 64 or by spatially directed capturing agent immobilization such as inkjet printing and hand-spotting. 82 These approaches improve the sensitivity, reduce the costs, and allow for multiplexed biosensing. The best materials for these devices are silicon and silicon nitride, the latter being suitable also for operation in the visible range of the spectrum. The typical configuration comprises a ring resonator on a chip, which is excited via evanescent coupling from a strip waveguide ( Fig. 2a and 4d ). Light from a tunable laser or a laser diode is typically coupled into the waveguide from a grating coupler (vertical coupling) [83] [84] [85] or from the edge of the chip (butt coupling). 86, 87 In this simplest ring architecture, only the evanescent tails of the resonant mode can interact with the fluid (Fig. 9a ). In this way, light is tightly confined into the waveguide, which leads to a high Q-factor, but the interaction with the analyte in solutionand hence the sensitivityare quite modest (below 200 nm RIU −1 ).
In order to improve this scenario, the guided optical mode must be more accessible for the analyte in solution. Without including metallic nanostructures, this is possible, for example, adopting a dielectric slot waveguide architecture (Fig. 9b ), 66 by opening apertures along the circumference of the ring (Fig. 9c ), 78, 79 or by fabricating the ring directly in a porous dielectric medium (Fig. 9d ), 76 which allows for a direct penetration of the molecules inside the ring. Overall, by using these purely dielectric micro-ring structures, it is possible to detect variations of the refractive index down to 10 −7 -10 −6 RIU, or, equivalently, molecular concentrations down to a few tens of fM. 1, 68 Another option to make the guided mode more accessible to the analyte is the inclusion of LSP nanostructures. In fact, plasmonic modes are intrinsically "interface" modes, with large evanescent tails extending out of the metal. This is the main reason why LSPR nanostructures can reach sensitivities up to 1000 nm RIU −1 for bulk refractive index sensing (Fig. 6) , which is almost one order of magnitude larger than the corresponding values for photonic microrings and microdisks. During the last decade, two main categories of structures have been proposed: dielectric rings with metallic nanodisks or nanostripes located along the circumference (Fig. 10a) , 81, [88] [89] [90] [91] [92] and rings (or disks) in a hybrid metal-dielectric slot configuration (Fig. 10b ). [93] [94] [95] In these latter configurations, the dielectric WGM resonator and the metal layers are separated by a narrow gap, which facilitates the accumulation of optical energy in the aperture accessible to the liquid (inset of Fig. 10b ). When analysing these novel structures and comparing them with the state of the art, the limit of detection (LOD) for bulk refractive index sensing is the main parameter of interest. This quantity is also directly correlated with the lower limit to the number of molecules that can be detected after binding on the surface of the sensor.
The LOD of a WGM structure depends on both the sensitivity (S) and the full-width at half-maximum (FWHM) of the WGM mode. As described in section 2.1, an increase in the refractive index of the surrounding medium causes a redshift Δλ r of the resonance. In order to be effectively discriminated from the background noise, Δλ r has to be large enough. It is commonly accepted that shifts of the order of 1/1000-1/100 of the FWHM can be detected with an adequate signal-to-noise ratio. 60, 66, 93, 96 For this review, we assume Δλ r = 1/100 × FWHM as the minimum detectable shift. By extracting the values of S and FWHM from the articles in the literature, it is then possible to compare the sensors directly in terms of LOD:
We also analyse the LOD for different purely dielectric ring resonators for bulk sensing. We assume the experimental data reported in ref. 62 and 68 as the benchmark for comparison. The results are summarized in Table 1 for a selection of the most relevant work on the hybrid WGM structure for bulk sensing.
Compared to the conventional SOI or SiN ring, most of the papers on hybrid structures have just reported theoretical analysis (FEM or FDTD simulations), and only a couple of them (ref. 94 and 91, which reported on resonators working in the visible (λ = 625 nm) and in the terahertz region (λ = 150 μm, for a novel hybrid device incorporating a graphene layer on the top of a SiN ring resonator). Excluding ref. 91 , the maximum reported values for the sensitivity in the VIS-NIR are around 700 nm RIU −1 (both theoretical and experimental). The maximum theoretical Q-factors, instead, are around 3 × 10 3 , while the experimental Q-factors degrade to less than 300 in fabricated nano-sensors. As a global result, the LOD values calculated according to eqn (5) are consistently above 5 × 10 −5 RIU. At the moment, the comparison with purely photonic WGM sensors is not favourable. Although the sensitivity of the hybrid WGM resonator is higher than that of a dielectric WGM sensor, the experimental quality factors of purely dielectric microrings are consistently above 10 4 , which is much higher than in the hybrid counterparts. Thus, adopting eqn (5) , the experimental LOD is in the range 10 −6 -10 −5 RIU, which is around one order of magnitude lower than the best values for hybrid WGM sensors. Some of the proposed hybrid sensors have a very small footprint (radius smaller than 1 μm), 95 which gives a potential advantage in terms of dense packaging on a chip. However, very compact SOI ring resonators (radius of just 1.5 μm) have also been reported, with experimental Q-factors approaching 10 4 (in air). 97 Two relevant aspects emerge from the analysis of the data in Table 1 . First, among the hybrid WGM structures, the dielectric-metallic slot ring resonator is probably the best reported structure. The high experimental S values are due to the field accumulation in the gap region (see Fig. 1c in ref. 94 ). Second, most importantly, it appears that at the moment the Q-factor values are too low for a hybrid refractive index sensor to compete with the pure dielectric counterpart. Considering that for sensors operating near λ = 1.55 μm the maximum enhancement in the sensitivity is 4 after including the metallic nanostructures, and that this is also the maximum tolerable decrease in the Q-factors, it emerges that hybrid plasmonic resonators should possess an experimental Q-factor of 5000-10 000 in order to match their purely photonic rivals.
Is it possible to close this gap? For sure such a distance in terms of quality factors is also due to the fact that this field is still in an embryonic stage. The inclusion of a metallic nanostructure in close proximity to a dielectric WGM resonator introduces more defects, such as surface roughness and metal contamination. At the moment, SOI and SiN micro-ring resonators take advantage of decades of experience in the field of micro-electronics and silicon photonics. Many years of fabrication-oriented efforts will be necessary to bring the performance of WGM resonators close to their limits. In addition, for the moment, only very simple LSPR structures have been combined with WGM resonators (disks, stripes and metallic layers in a vertical or horizontal slot configuration). It could be worth investigating more sophisticated plasmonic nanostructures, such as antennas, 98, 99 dimers, 100 or bow-ties 101 that take advantage of stronger plasmonic hot-spots and have the potential to reach higher Q-factors.
Other improvements are possible for what concerns the plasmonic materials. The inclusion of gold and silver poses serious problems due to the intrinsic absorption in the metals. Alternative plasmonic materials with lower losses in the visible and near-infrared have been recently proposed, such as transparent doped oxides [102] [103] [104] and nanocrystals. 105 It could be interesting to investigate such novel materials in combination with a dielectric WGM sensor.
Hybrid WGM structures for single particle and molecule detection
The detection of single objects is the main reason behind the introduction of LSP nanostructures into WGM resonators. In this type of measurement one looks at the resonance shift (or broadening, or splitting) when a single nano-object binds on the surface of the resonator. By looking at the temporal evolution of the binding curve, it is also possible to extract information on the molecular dynamics on the surface of the resonator. From the reactive sensing principle applied to the case of a single particle or molecule, [106] [107] [108] [109] [110] the resonance redshift Δλ r can be expressed in terms of the particle polarizability α and of the value of the electric field at the particle location (E 0 (r p )):
where W p is the work (averaged over one optical cycle) required to polarize the particle W p ¼ 1 4 αE 0 ðr p Þ 2 À Á , W c is the analogous energy stored in the WGM cavity W c ¼ 1 2 Ð εðr c ÞE 0 ðr c Þ 2 dV c À Á , and ε is the permittivity of the WGM resonator material. For a conventional WGM cavity with no plasmonic enhancement, E 0 (r p ) is simply the value of the evanescent tail of field at the surface of the resonator. When a plasmonic structure is attached to the cavity surface, this value can be substantially increased (up to a factor of a few thousands 106, 111, 112 ) thanks to the localized plasmon resonance. The typical dimensions of these hot-spots are also comparable to the dimensions of the target particles/molecules, which makes plasmonic nanostructures particularly interesting for single nano-object detection. Concerning the single particle detection, the LOD for the particle size is not a well-defined quantity because it depends on the refractive index of the particle and on the surface functionalization, that is the homogeneity of the capturing agent layer and its affinity to the analyte. 113 Purely dielectric WGM resonators have been investigated in detail over the last decade. 2, 7, 11, 28, 29, 96, [114] [115] [116] [117] [118] [119] [120] [121] The most influential papers on WGM single particle detection are analyzed in Table 2 , where we report the principal parameters of the involved structures and their detection capabilities.
Compared to the structures for bulk refractive index sensing, different types of WGM resonators are employed, typically glass micro-spheres and micro-toroids with diameters in the range 40-100 μm (Fig. 11) . The main reason for this choice is the quality factors: experimental Q values in the range 10 5 -10 8 can be achieved even in an aqueous environ- 121 and mouse immunoglobulin G 121 ) have been successfully detected with a high signal-to-noise ratio. Mass transport is also a very important aspect in optical biosensors. When the active sensing area becomes very small, proper mass transport mechanisms have to be employed in order to effectively deliver the analyte of interest to the sensing stage, and keep a reasonable measuring time. The topic is strictly connected to the microfluidic design of the sensor under investigation and falls out of the scope of this review. The interested reader can find more information in ref. 122 and 123 and in the related papers. An overall picture of the capabilities of photonic WGM sensors is condensed in Fig. 12 . This is taken from Judith Su and co-workers, 121 which can be considered as the current state of the art for single particle optical detection. The best reported result (to our knowledge) is the detection of very small single SiO 2 nanobeads (diameter: 5 nm) and human interleukin-2 molecules (diameter: 4 nm) with spectral shifts of the order of a few attometres, which correspond to around 1/1000 of the FWHM of the resonance. This detection is possible thanks to frequency-locking techniques. Instead of continuously sweeping the laser frequency to find the resonance frequency of the WGM cavity, the laser frequency is locked on the WGM resonance.
This substantially decreases the noise associated with the measurement and also increases the sampling rate. Another relevant mention is the work by Zhu and colleagues, 28 where, instead of looking at the resonance shift, the authors monitored the resonance splitting induced by the particle bindings. This detection scheme requires WGM cavities with very high quality factors (Q ∼ 10 8 ) and provides a self-referenced method which substantially reduces the spectral noise. All the mentioned methods are suitable only for lab measurements: the complexity of the setups and the need for vibrational isolation prevent the adoption in portable devices. An alternative has been proposed by Shopova and coworkers. 118 Here the authors adopted a silica micro-toroid coupled to a periodically poled lithium-niobate frequency doubled distributed feedback laser which does not incorporate moving parts and vibrational isolators. Although this system is still far from a portable device, it is compact, low cost and easy-to-use, so it meets several requirements of the market of point-of-care devices.
Hybrid plasmonic-photonic WGM resonators have also been widely investigated during the last few years. 21, 25, 106, [108] [109] [110] [111] [112] [124] [125] [126] [127] Also in these cases the employed structures are microspheres and micro-toroids which are decorated with metallic (gold) LSP nanostructures (nanoparticles, 110 nanoshells, 108, 109, 112, 125, 127 nanorods, 25, 111 and nanoprisms 106 ). Metallic nano-objects can be adsorbed onto the surface of the WGM resonators with different strategies. For example, plasmonic nanoparticles can be opportunely decorated with ligands for the recognition of a specific analyte and for chemical binding onto the resonator surface. The latter is functionalized using aminosilanes in order to improve the particle adhesion. 128 In a different method, metallic nanoobjects are adsorbed onto the surface of the WGM resonator in an acid solution.
When the pH of the solution containing the metallic nanostructures is low enough ( pH ∼ 1.5), irreversible adsorption Fig. 12 State of the art for single particle detection using a purely photonic WGM resonator. Wavelength shift as a function of the particle radius for different types of synthetic and biological nanoparticles: human interleukin-2 molecules, SiO 2 beads, mouse immunoglobulin, human ribosomes, mouse exosomes, and polystyrene nanobeads. The solid lines are calculated from the reactive sensing principle (eqn (6)). Reproduced from ref. 121 .
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Critical Review takes place, and it is facilitated by the optical trapping forces exerted by the evanescent tails of the WGM mode circulating in the resonator. 25 A major challenge in generating a high-performance hybrid plasmonic-photonic WGM resonator is avoiding the quenching of the WG mode through losses in the metal. Consequently, the number of nanoparticles has to be limited and, depending on the morphology of the resonators, the nanoparticles might need to be located at a particular location. To address these challenges there have been activities in materials science to control the self-assembly of on-chip integrated optoplasmonic resonators. The interested reader can find more information in ref. [129] [130] [131] [132] [133] . After the adsorption the Q factor of the hybrid resonator decreases to around 10 5 -10 6 , which is one/two orders of magnitude less than the values for the bare WGM resonators (see Table 2 ). For these hybrid structures, the detection has been more focused on biological nano-objects, such as a single bovine serum albumin protein (BSA, mass: 66 kDa), a single cancer marker (thyroglobulin, mass: 660 kDa), a single RNA virus (MS2 virus, diameter: 27 nm), and very short oligonucleotide chains (8-mer, mass: 2.35 kDa). Very recently, the kinetics and conformational dynamics of single enzymes have been monitored by means of hybrid WGM resonators. 134 An example of a typical approach is reported in Fig. 13a and b. The measured spectral shifts upon binding on the resonant plasmonic structures are in the range 1-30 fm, which are one-three orders of magnitude larger than the shifts measured for a bare photonic cavity with similar bound objects. Indeed, as reported in the work by Dantham and co-workers, 112 the enhancement is even larger than what predicted by the reactive sensing principle (eqn (6)). The reason is that the experimental field enhancement in close proximity to the metallic nano-shell is higher than that predicted by theory, and this is due to the surface nano-roughness (nano-bumps) which is clearly evident in the TEM images of the employed gold nano-shell (inset of Fig. 13b ). Nanoroughness provides an additional field enhancement in a very small nano-spot whose size is comparable to the size of the proteins under investigation ( Fig. 13c and d) .
A major drawback when using a single LSPR structure bound to the WGM resonator is the reduction of the active sensing area, while the volume of the optical mode is substantially the same as a photonic WGM resonator. To overcome this limitation, hybrid structures with multiple plasmonic structures along the equator of the resonator are currently under investigation. 25, 109, 125 In conclusion, hybrid plasmonic-photonic WGM resonators have proved their effectiveness for single particle sensing, and the advantages are definitely more evident than for bulk refractive index sensing. Objects with a comparable size and refractive index can be detected in solutions with purely photonic WGM resonators and hybrid resonators. However, the spectral shift for the hybrid sensors is one-three orders of magnitude larger than for a bare photonic WGM sensor. This is a very important point of advantage for the hybrid sensors: larger redshifts allow using less sophisticated measurement instruments and make them definitely more attractive for the market. As we pointed out for bulk refractive index sensing, the limit of detection of these hybrid sensors can be reduced by increasing the Q-factor of the structures. Alternative materials and new, high-efficiency plasmonic structures are worth investigating in combination with high-Q WGM resonators. Further advances in the field could come from the adoption of frequency-locking techniques, 121 which might help reducing the spectral noise and increasing the sampling rate. Additionally, metallic nano-shells with an engineered surface roughness and tailored antenna geometries might further enhance the optical field at the hot-spot, thus boosting the spectral sensitivity of the device. Another possible improvement in whispering gallery biosensing could be the inclusion of LSP nanostructures in active optical cavities. Active WGM resonators take advantage of optical effects such as Raman scattering 135, 136 and stimulated optical emission. It has already been shown that the inclusion of media with optical gain [137] [138] [139] (Er + ions dispersed inside a silica microsphere, for example) drastically decreases the resonance linewidth compared to a passive cavity when operating above the lasing threshold. This decreases the limit of detection, and could allow tracking bulk refractive index changes down to 10 −9 RIU. 137 Similar conclusions have been demonstrated for dielectric microspheres doped with fluorophores [140] [141] [142] and quantum dots. 143 The reduced linewidth of active optical cavities together with the increased sensitivity provided by the plasmonic enhancement of LSP nanostructures could significantly improve the detection capabilities of optical biosensors.
Conclusions and future outlooks
The analysis of hybrid WGM structures incorporating LSP nanostructures for biosensing led to two main conclusions.
First, at the moment, the addition of a plasmonic component does not seem advantageous for what concerns bulk refractive index sensing. By adding LSP nanostructures the sensitivity is increased by a factor of 4-5 compared to a bare WGM resonator, but the Q-factor is drastically reduced. The limit of detection is thus around one order of magnitude worse than a conventional micro-ring resonator. Advances in the fabrication methods and new plasmonic materials and geometries are necessary to close the gap between these new hybrid structures and the conventional photonic counterparts.
Second, the inclusion of LSP structures on a WGM resonator seems much more promising for what concerns single particle (or single molecule) detection and analysis. Although with the present architectures and materials the limits of detection of conventional and hybrid micro-spheres and micro-toroids are substantially equivalent, the amplitude of the measured signal in hybrid WGM cavities exceeds that of conventional WGM resonators by one-three orders of magnitude. This may have several practical advantages in view of the commercialization of these novel devices, because the overall complexity of the experimental setups needed for the measurements can be substantially reduced.
